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, . Appl. No. 09/806,568 

REMARKS 

Status of the Claims 

Claims 1-11, and 13-17 are pending in this application. Claim 
12 has been cancelled and claims 15-17 have been added. Claims 5- 
10 , 13 and 14, drawn to a non-elected invention, are withdrawn from 
consideration by the Examiner. 

Claim Objections 

Claim 12 is objected to by the Examiner because it does not 
further limit claim 11. Accordingly, claim 12 has been cancelled as 
being duplicative . 

Rejection of Claims 11 and 12 Under 35 U.S.C. 112, First Paragraph 
Claims 11 and 12 are rejected by the Examiner under 35 U.S.C. 
112, first paragraph, for the reasons set forth in paragraph 6 of 
the Office Action. This rejection is respectfully traversed. 
Reconsideration and withdrawal thereof are requested. 

This rejection is moot with respect to claim 12 due to the 
cancellation of claim 12. 

The present invention as recited in claim 11 relates to a 
medicament for treating solid cancer comprising as a major 
ingredient the enzyme that produces plasma protein fragments as set 
forth in claim 1, that is, an aspartic enzyme that produces plasma 
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protein fragments having an inhibitory activity to metastasis and 
growth of cancer. 

The Examiner's comments regarding enablement of various 
methods are not applicable to composition claim 11. Rather, the 
Examiner's comments are more accurately directed to method of 
treatment claims. Applicants are not required to enable all uses 
for a composition claim. There is no such requirement in either 35 
U.S.C. 112 or in case law supporting the Examiner's position. 
Indeed, since the Examiner concedes that at least one use is 
enabled, then this single use is sufficient to satisfy the 
statutory requirements to support composition claim 11. 
Accordingly, the Examiner has failed to establish a prima facie 
case of nonenablement and the burden of proof has therefore not 
shifted to Applicants. This is especially true in the present 
circumstances as this rejection is entirely without foundation. 

More specifically, the Examiner alleges that the medicament of 
claim 11 is not enabling of a method for treating all cancers and 
preventing disease conditions merely associated with 
vascularization while being enabled for a method of treating lung 
cancer in a mouse. 

The enzyme of the present invention acts in such a way that 
activates an angiogenesis-inhibitory factor present in an 
inactivated form in blood to thereby convert the factor into an 
active form. The claimed enzyme does not act in a way such that it 
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directly acts on new blood vessels or cancer cells per se. Thus, a 
type of cancer or indications to be applied with the medicament of 
the present invention may depend upon the active angiogenesis- 
inhibitory factor produced by the enzyme of the present invention. 

The enzyme of the present invention is only active under 
acidic conditions provided by cancer to thereby produce an 
angiogenesis-inhibitory factor. The present enzyme is not active 
under normal physiological conditions (i.e. at around neutral pH) . 
Thus, the enzyme of the present invention is applicable to patients 
having tumors at certain stages where it may exert its activity. 
Most effectively, the enzyme of the present invention may be 
effected before proliferation of tumor (before neovascularization) . 

Therefore, it will be the most suitable usage of the enzyme of 
the present invention that it is effected when progressive cancer 
is first found, or after removal of primary focus by surgery for 
prevention of distal metastasis. Clinical techniques presently can 
detect cancer as small as several mm in size with techniques such 
as a PET scan to allow for early detection or metastasis of cancer. 
Although a common anti-cancer agent may also be used, from the 
viewpoint of adverse side effects or drug tolerance, the enzyme of 
the present invention may be utilized more advantageously as being 
free from such adverse side effects. 

Even with a malignant cancer that has already developed 
neovascularization, the enzyme of the present invention may be 
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efficacious for inhibiting proliferation of tumors through 
inhibition of further expansion of a network of new blood vessels 
already formed in the tumor. See the attached sheet entitled 
"Mechanism of development of neovasculanzation and network 
structure thereof" . 

In summary, types of cancer or applicable situations (e.g. 
indications) where the medicament of the present invention may 
be used includes: 

(1) Cancer at an early stage (most effective); 

(2) Use after surgery (for inhibition of proliferation of 
distal metastatic focus) ; and 

(3) Effective application to cancer at a more advanced 
stage in combination with chemotherapy and radiotherapy. 

Accordingly, the enablement rejection should be withdrawn 
since the Examiner has not properly set forth a prima facie case of 
nonenablement or in view of the remarks stated above. Clearly, the 
medicament of the present invention as recited in claim 11 is 
enabled for treating a solid cancer. 

Rejection of Claims 1-4, 11 and 12 Under 35 U.S.C. 112, Second 
Paragraph 

Claims 1-4, 11 and 12 are rejected by the Examiner under 35 
U.S.C. 112, second paragraph, for the reasons set forth in 
paragraphs 7-8 of the Office Action. This rejection is respectfully 
traversed. Reconsideration and withdrawal thereof are requested. 
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The Examiner states that the phrase "[a]n enzyme that 
produces plasma protein fragments having an inhibitor activity'' is 
unclear. The Examiner requests that Applicants clarify if the 
plasma protein fragments or the enzyme possesses the activity. 
Presently, the Examiner is interpreting the claim as the protein 
fragments having the activity. 

The Examiner should note that plasma protein fragments 
produced through the action of the enzyme possess the inhibitory 
activity. 

The Examiner further states that the meaning of the phrase 
"having a high homology" in claim 2 is vague and indefinite. 

The Examiner should note that the term "high" has been 
canceled from claim 2. With regard to the use of the term 
"homology" in this context, the Examiner's attention is directed 
to the description at page 9, lines 17-19 of the specification, 
which recites "[I]t was also found that an N-terminal amino acid 
sequence of this enzyme was initiated with LVRIPLHKFT which had a 
high homology to Human Cathepsin D Precursor". Thus, the rejected 
recitation means "having an N-terminal amino acid sequence 
homologous to Human Cathepsin D Precursor" . 

The Examiner requests clarification in claim 3 as to whether 
the extracellular matrix proteins are mammalian or non-mammalian 
proteins. The Examiner is advised that both fibronectin and 
vitronectin are mammalian proteins from humans. 
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The Examiner's position is that claim 11 is vague and 
indefinite due to the recitation "solid cancer". Applicants 
respectfully disagree. 

The medicament of the present invention is efficacious for 
treating any type of solid cancer since proliferation is dependent 
upon angiogenesis (neovascularization) . The plasma protein 
fragments that are produced by the action of the enzyme of the 
present invention have an inhibitory activity to metastasis and 
growth of cancer and may inhibit angiogenesis occurring during 
metastasis and cancer growth. However , metastasis and growth of 
cancer per se is not directly inhibited. 

As is well known in the art, a malignant tumor (solid cancer) 
having a diameter of 1-3 mm or less is able to maintain its own 
metabolism through provision of nutrients and excretion of waste 
material via diffusion like normal cells. However, as the cancer 
proliferates, a new blood vessel (neovascularization or 
angiogenesis) becomes necessary for providing nutrients and for 
excreting waste material. In other words, cancer cells of a 
malignant tumor that advance to a large size are unable to 
proliferate without neovascularization (angiogenesis) . An 
angiogenesis-inhibitory agent thus inhibits growth of the tumor 
through inhibition of angiogenesis. Thus, while a common anti- 
cancer agent exerts its effects directly on the cancer per se, an 
angiogenesis-inhibitory agent may be an indirect anti-cancer agent 
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acting through blockage of the cancer lifeline (i.e. blockage of 
angiogenesis or neovascularization) . See attached sheet "Mechanism 
of development of neovascularization and network structure 
thereof f/ . 

Action of an angiogenesis-inhibitory agent is summarized as 
follows : 

(1) Blockage of lifelines providing nutrients and removing 
waste material from the cancer cells, thus leading to inhibition 
of cancer cell proliferation; 

(2) Blockage of the introduction of a new blood vessel from 
an existing blood vessel by a minute cancer, thus leading to 
preventive treatment; and 

(3) Inhibition of a network structure formation of blood 
vessels within lumps of cancer cells, thus leading to treatment. 

As such, any cancer whose proliferation is dependent upon 
formation of a new blood vessel (i.e. angiogenesis or 
neovascularization) , for instance, any solid cancer such as lung, 
breast, colon, or liver cancer, irrespective of its location in the 
living body, may be treated by the medicament of the present 
invention. On the contrary, a liquid cancer such as myeloma is not 
expected to be efficaciously treated by the medicament of the 
present invention . 

Accordingly, this rejection under 35 U.S.C. 112, second 
paragraph, should be withdrawn in view of the remarks hereinabove. 
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Rejection of Claims 1-4, 11 and 12 Under 35 U.S.C. 102(b) 

Claims 1-4, 11 and 12 are rejected by the Examiner under 35 
U.S.C. 102(b), for the reasons set forth in paragraphs 9-10 of the 
Office Action. This rejection is respectfully traversed. 
Reconsideration and withdrawal thereof are requested. 

The Examiner indicates that although Gately does not 
specifically recite the molecular weight, the N-terminal amino acid 
sequence, the SEQ ID NO: 1 and at what pH range the plasma protein 
fragments are degraded, these limitations are "inherent". 

Contrary to the position taken by the Examiner, the enzyme of 
the present invention is quite distinct from the enzyme of Gately et 
al. The enzyme of the present invention as recited in claim 1 is an 
aspartic enzyme that produces protein fragments having an inhibitory 
activity to metastasis and growth of cancer. As recited in claim 2, 
the claimed enzyme has a molecular weight of about 45 kDa having an 
N-terminal amino acid sequence homologous to human cathepsin D 
precursor and that acts at an acidic pH range of pH 5.0 or less 
(e.g. not more than pH 5.0) to produce protein fragments from 
plasminogen. These fragments are angiostatin-like molecule (s) with 
a molecular weight of 40 or 43 kDa comprising Kringle 1 to Kringle 4 
(see claim 15) . 
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On the other hand, the enzyme of Gately et al . is a serine 
protease, acting only at neutral pH but not acting at an acidic pH 
range, that produces an angiostatin-like molecule with a molecular 
weight of about 50 kDa comprising Kringle 1 to Kringle 4 and part 
of Kringle 5 . 

In order to further prove the distinction between the enzyme 
of the present • invention and the enzyme of Gately et al., 
Applicants will file a Rule 132 Declaration upon receipt by the 
undersigned. 

It is true that the present invention has been completed 
starting from a study of Gately et al. For example, see pages 13- 
16 of the specification. In fact, the present inventors recognized 
the presence of an angiostatin-producing activity in PC-3 culture 
supernatant as reported by Gately et al. It is also true that the 
present inventors tried to purify an enzyme responsible for said 
enzymatic activity earlier than Gately et al. 

However, as described in the specification, the present 
inventors 1 view was that the enzymatic activity reported by Gately 
et al. (the enzyme per se had not yet been isolated and identified 
at the time) is not likely to have angiostatin producing activity 
as Gately et al . later found that plasmin and free cysteine donors 
were responsible for the enzymatic activity (Gately et al., Proc. 
Natl. Acad. Sci. USA, Vol. 94, pp . 108 68-10872 (1997)). 
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Contrary to disclosure of Gately et al., the present inventors 
have successfully found, in addition to an enzyme that fragments 
plasminogen at neutral pH, that an enzyme activity that can 
specifically cleave a restricted site of plasminogen under a lower 
pH condition was present in PC-3 culture supernatant. This 
enzymatic activity was not previously reported and is utterly 
different from the enzymatic activity of Gately et al. 

The most important distinction between the enzymatic 
activity of Gately et al. and the enzyme of the present 
invention is a pH range at which an enzymatic activity may be 
exerted. See claim 16. 

Fig. 1 of the instant application indicates that fragmentation 
patterns of plasminogen by PC-3 culture supernatant, which culture 
supernatant is identical to that used by Gately et al. with respect 
to the source of the cells, culture medium and culture conditions, 
vary with a pH range at which the PC-3 culture supernatant is 
placed. Specifically, at around neutral pH where a serine protease 
is active, appearance of angiostatin-like protein, as reported by 
Gately et al., was detected at a corresponding molecular weight. 
The present inventors have also detected the enzymatic activity as 
reported by Gately et al. On the other hand, when pH is shifted to 
an acidic range, the activity to produce said angiostatin-like 
protein disappears. Instead, a distinct angiostatin-like protein 
thought to be a cleaved product by a distinct acidic protease is 



15 



Appl. No. 09/806,568 

detected at a different molecular weight from that of Gately et al. 
This finding at an acidic pH range for the enzymatic activity and 
the cleaved product therefrom is that of the present invention, 
i.e. an aspartate protease according to the present invention 
(PACE4) and an angiostatin-like protein obtained from plasminogen 
with said enzyme . 

The present inventors have focused on enzymatic activity that 
is only active at an acidic pH range to cleave plasminogen to 
produce angiostatin-like protein so that an enzyme responsible for 
said enzymatic activity may be purified and identified, which 
enzyme however is distinct from the enzymatic activity of Gately et 
al. 

Although Gately et al. do not expressly mention at which pH 
the enzymatic activity is detected, it should be noted that the 
enzymatic activity of Gately et al. is inhibited by a serine 
proteinase inhibitor but not by an aspartic proteinase inhibitor. 
Table 1 demonstrates that the Gately et al . enzymatic activity is 
of a serine protease. In this regard, it should also be noted that 
a serine protease works only at a neutral pH range but not at an 
acidic pH range, e.g. pH 3 or 4, due to the electric charge of 
serine at the active center. Table 1 of Gately et al. indicates 
that only serine proteinase inhibitors blocked angiostatin 
generation but none of the other classes of proteinase inhibitors 
including an aspartate proteinase inhibitor such as pepstatin were 
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effective (see bridging paragraph between pages 4888 and 4889) . In 
other words, Gately et al. failed to detect the presence of any 
enzymatic activity that could be blocked by an aspartate proteinase 
inhibitor, i.e. the presence of an aspartate protease like PACE4 
according to the present invention. 

Contrary to the teachings of Gately et al., the enzyme of the 
present invention is an aspartate protease that is inhibited by an 
aspartic protease inhibitor and works only at an acidic pH range 
(page 9, lines 19-21 of the specification). See claim 17. 

With the knowledge that the enzymatic activity of Gately et 
al. is of a serine protease and that a serine protease is only 
active at a neutral pH range, one of ordinary skill in the art 
would also not have been motivated to investigate whether any 
acidic protease like the enzyme of the present invention is present 
in PC-3 culture supernatant. The present inventors, however, 
recognized the possibility of the presence of such an enzyme with 
an angiostatin-like activity that acts at an acidic pH range as 
described in the specification, thus leading to the present 
invention . 

In summary, the enzyme of the present invention is an 
aspartate protease acting at an acidic pH range whereas the 
enzymatic activity of Gately et al. is a serine protease acting at 
a neutral pH range such that the former is inhibited by an 
aspartate protease inhibitor while the latter by a serine protease 
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inhibitor. It should be noted that an aspartate protease and a 
serine protease are quite distinct enzymes from each other as a 
matter of course. 

As a consequence of the difference between the enzyme of the 
present invention and the enzymatic activity of Gately et al., 
plasminogen is cleaved at different sites of the amino acid 
sequence thereof to produce different cleaved products, in this 
case angiostatin-like proteins. More specifically, the enzyme of 
the present invention produces from plasminogen an angiostatin-like 
molecule with a molecular weight of 40 or 43 kDa comprising Kringle 
1 to Kringle 4 whereas the enzymatic activity of Gately et al. 
produces an angiostatin-like molecule with a molecular weight of 
about 50 kDa comprising Kringle 1 to Kringle 4 and part of Kringle 
5. This was subsequently demonstrated by P. Stathakis et al. (The 
Journal of Biological Chemistry, Vol. 274, No. 19, p. 8910-8916, 
1999; a copy enclosed) . These two products are distinct from each 
other but happen to have the similar activity, i.e. an activity to 
inhibit angiogenesis . 

A Comparison between the enzymes of the present invention and 
Gately et al. is summarized in the attached sheet entitled 
"Comparison between the enzymes of the present invention and of 
Gately et al.". 

Accordingly, this prior art rejection should be withdrawn 
in view of the remarks hereinabove. 
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Conclusion 



Pursuant to 37 C.F.R. §§ 1.17 and 1.136(a), Applicant(s) 
respectfully petition (s) for a one (1) month extension of time for 
filing a reply in connection with the present application, and the 
required fee of $110.00 is attached hereto. 

Should there be any outstanding matters that need to be 
resolved in the present application, the Examiner is respectfully 
requested to contact Marc S. Weiner (Reg. No. 32,181) at the 
telephone number of the undersigned below, to conduct an interview 
in an effort to expedite prosecution in connection with the present 
application . 

If necessary, the Commissioner is hereby authorized in this, 
concurrent, and future replies, to charge payment or credit any 
overpayment to Deposit Account No. 02-2448 for any additional fees 
required under 37 C.F.R. §§ 1.16 or 1.17; particularly, extension 
of time fees. 



Respectfully submitted, 



BIRCH, STEWART, KOLASCH & BIRCH, LLP 



By 




MSW/sh 
0020-4841P 



Marc S. Weiner, #32,181 
P.O. Box 747 

Falls Church, VA 22040-0747 
(703) 205-8000 
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Table: Com parison between the enzymes of the present invention and of Gatelv et al. 





Gately et al. 


Present Invention 


Type of enzyme 


•Serine proteinase 

(Only serine proteinase inhibitors 

block angiostatin generation; 

p. 4888, col. 2, 1.41 -p. 4889, col. 1, 

1. 1 & p. 4889, Table l) 


■ Aspartic proteinase (p. 9, 1. 19-21) 
• activity of the enzyme of the 
present invention was completely 
inhibited by pepstatin A, a specific 
inhibitor to an aspartic enzyme 
(p. 19, 1. 14-20 & Fig. 5) 


pH condition where the 
enzyme is active 


• no description 


• the enzyme of the present invention 
fragments plasminogen only at an 
acidic range of pH (p. 19, 1. 22-24 & 
Fig. 6) 

• distinct fragmentation patterns of 
plasminogen were apparent between pH 
ranges of more and less than 5. 0 
(Example 3, p. 39, 1. 2~4 & Fig 1) 


N-terminal amino acid 
sequence of the enzyme 


• no description 


• this enzyme was initiated with 
LVRIPLHKFT which had a high homology 
to Human Catepcin D Precursor 
(p. 9, 1.17-19) 


MW of the enzyme 


• no description 


• about 45kDa (p. 9, 1.15-16) 


Plasma protein 
fragment 


• Fragmentation of Plasminogen at 
Kringle 5 

• Molecular Weight (angiostatin) : 
about 50kDa (p. 4888, col. 2, 1. 12 - 15 

& Fig. 1A) 


• a fragment comprising Kr ingles 1 to 
4 produced by PACE4 

(p. 19, 1.24-p. 20, 1.3 & Fig. 6) 

• Molecular Weight: 40kDa, 43kDa 
(Example 4, p. 39, 1. 18-19 & Fig. 11) 


Other features 


• angiostatin at 10 ///ml completely 
inhibited the bFGF- induced 
angiogenic response (p. 4889, col. 1 
1.44-col.2, 1.9) 


* the Catepsin D precursor in the form 
of a precursor does cleave 
plasminogen (p. 23, 1.20-23) 

• also cleaves plasmin in the 
vicinity its active center (between 
the 699th Phe and 700th Ala) to let 
plasmin be inactivated (p. 20, 1. 25 - 
p. 21, 1.4) 
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Angiostatin Formation Involves Disulfide Bond Reduction and 
Proteolysis in Kringle 5 of Plasmin* 

(Received for publication, May 27, 1998, and in revised form, January 6, 1999) 

Paul Stathakfe, Angelina J. Lays Melinda Fitzgerald, Christian Schlieker, Lisa J, Matthias, 
and Philip J. Hogg* 

From the Centre /or Thrombosis and Vascular Research, School of Pathology, University of New South Wales, 
Sydney, New South Wales 2Q€2> Australia 



Plasmin ie processed in the conditioned medium of 
HT1080 fibrosarcoma cells producing fragments with 
the domain structures of the angiegenesis inhibitor, an- 
giostatin, and rnicroplaemin. Angiostatin consists of 
kringle domains 1-4 and part of kringle 5, while micro- 
plasmin consists of* the remainder of Icringle S and the 
serine proteinase domain. Our findings *T»<Hftttf*» that 
formation of angiostatm/microplosmin involves reduc- 
tion of plasm in by a plasmin reductase followed by pro- 
teolysis of the reduced enzyme. We present evidence 
that the Cye^-Cys 540 and Cye Bll -Cye Mfl disulfide bonds 
in kringle 5 of plasmin were reduced by plasmin reduc- 
tase^ Plasmin reductase activity was secreted by HTX080 
and Chinese hamster ovary cells and the human mam- 
mary carcinoma cell lines MCF-7, MDA281, a ndBT gQ but 
not by the monocyte/macrophage cell line THP-1. Nei- 
ther primary foreskin fibroblasts, blood monocyte/ 
macrophages, nor microvascular or microvascular en- 
dothelial cells secreted, detectable pi asm in reductase. In 
contrast, cultured bovine and rat vascular smooth mus- 
cle cells secreted «— mil but reproducible levels of plas* 
min reductase. Reduction of the kringle 5 disulfide 
bonds triggered cleavage at <^fh^i» Arg^-Lys* 30 or two 



oth er posit i ons C -terminal of C yg 4 ** in kringle ST jby a 
serine p ro£exrjJ3LseT' Pla^min^aiitoproteolysilsr" could, ac- 
count for the cleavage, although another proteinase was 
mostly responsible in HT10B0 conditioned medium. 
Three serine proteinases with apparent AT* of 70, 50, and 
39 were purified from HT1080 conditioned medium, one 
or more of which could contribute to proteolysis of re- 
duced plasmin. 



The formation of new blood vessels from preexisting vessels 
is an important factor in a broad spectrum of diseases (1). New 
blood veaeel growth by the process of angiogenesis is balanced 
by several protein activators and inhibitors. One such inhibitor 
is angiostatin, which accumulated in the murine circulation in 
the presence of a growing Lewis lung tumor and disappeared 
when the tumor was removed (2). The angiostatin produced by 
the primary tumor was found to inhibit the neovascularization 
and growth of its remote metastases. Angiostatin has been 
shown to inhibit the growth of a number of murine and human 



primary carcinomas in mice (3-5). The mechanism of action of 
angiostatin is not known but may relate to the induction of 
endothelial cell apoptosis (6). 

Angiostatin is an internal fragment of plasminogen consists 

ing of approximately the first four kringle domains. 1 Both 
metalloproteinase and serine proteinase activity have bean 
implicated in the formation of angiostatin, Angiostatin frag- 
ments are generated from plasminogen by metalloelastase (7) t 
MMP-7* (6), MMP-9 (8)> and MMP-3 (9). Dong et aL (7) pro- 
posed that angiostatin is produced by metalloelastase secreted 
by tumor-infiltrating macrophages. Serine proteinase activity 
was required for the generation of angiostatin item plasmino- 
gen or plasmin by cultured human prostate carcinoma cells 

(10) , and generation of angiostatin from plasmin by Chinese 
hamster ovary (CHO) or HT1060 human fibrosarcoma cells 

(11) . 

Production of angiostatin by CHO or HT1080 cells involves 
reduction of one or more disulfide bonds in plnwmin followed by 
proteolysis of the reduced enryme by a serine proteinase (11). 
The plasmin disulfide bond(a) are reduced by a secreted reduc- 
tase, which we have called plasmin reductase. Plasmin reduc- 
tase requires a small cofactor for activity, and physiologically 
relevanficoncentrations of reduced glutathione or cysteine ful- 
fill this role. Angiostatin can also be generated from plasmin 
with the reductants, thioredoxin (11), protein disulfide iaoro er- 
ase (11), or high concentrations of small thiols (12). 

In this study, we present evidence that the Cys 461 — Cys M 
and Cys 5ll -Cys fiaB disulfide bonds in kringle 5 of plasmin were 
reduced by plasmin reductase. Plasmin reductase activity was 
secreted by the transformed cell lines, HT1080, CHO, MCF-7, 
MDA2S1, and BT20, but not by the monocyte/macrophage call 
line, THP-1. Cultured bovine and rat vascular smooth muscle 
cells secreted small but reproducible levels of plasmin reduc- 
tase, but neither primary foreskin fibroblasts, blood monocyte/ 
macrophages, nor macrovascular or microvascular endothelial 
cells secreted detectable plasmin reductase. Reduction of the 
kringle 5 disulfide bonds triggered cleavage at either Arg fiaB - 
Lya M0 ox two other positions C-terminal of Cys 4fil in kringle 5 
by a serine proteinase. Three serine proteinases were purified 
from HT1080- conditioned medium (HTlOSOcm), one or more of 
which could account for proteolysis of reduced plasmin. 



* This work was supported by the National Health and Medical 
Research Council of Australia, the National Heart Foundation of Aus- 
tralia, and the New South Wales Cancer Council. Tbc costs of publica- 
tion of this article were defrayed in part by. the payment of page- 
charges. Ibis article must therefore be hereby marked "adu£Hia£m£itt v 
in accordance with 18 VJS.C S action 1734 solely to indicate this fact 

$ To whom correspondence should be addressed: Centre for Throm- 
bosis and Vascular Research, School of Pathology, University of New 
South Walea, Sydney, NSW 2052, Australia, Tel: 61-2-9385-1004; Fax; 
61-2-9385-1389; E-mail: p.hogs@ua«w.edu~*u. 



1 An giants tin has he an loosely defined in the literature as an internal 
fragment of plasminogen consisting of kringles 1-4 or smaller frag- 
ments thereof We define angiostatin as a protein cons is ti n g of kringles 
1-4 euad part of kringle 5 of plaanun, 

3 The abbreviations used are: MMP, matrix metalloproteinase; CHO, 
Chinese hamster ovary K-L; HTlOSOcm, HT108O conditioned medium; 
MPB, 3^-maleimidylpropionyl)biocytin; FVDF, polyvinyhdene difluo- 
ride; PAGE, polyacrylamide gel electrophoresis; SBTL soybean trypsin 
inhibitor; ELJSA, emyxoc-liaked Immunosorbent assay; MES, 4-mor- 
phoUheethanesulfonie add. 
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EXPERIMENTAL PROCEDURES 

CKcmimls and Proteins — 3 -CW-maleimi dy lpropi o eyl )b i ocytin (MPB) 
was purchased from MoIqcuIhi Probes (Eugene, OR), while soybean 
trypsin inhibitor (SBTT) and SBTT-agarosc were from Sigma-Aldrich 
(Sydney, Australia). Plasminogen was purified from fresh frozen hu- 
man plasma and separated into its two carbohydrate variants according 
to published procedures (13). Glu'-pleamlnogen was used in the exper* 
iments described herein. Urokinase plasminogen activator wee a gift 
from Serono Australia, Plasmin was generated by * | *fw fr ftf ''» g plasmin- 
ogen (20 /jM) with urokinase plnnmfnogen activator (20 mi) for 30 min 
in 20 am Hepes, 0.14 M NaCI, pH 7.4 buffer at 37 *C. VaJ-Fbe-Lys- 
chl or om ethyl ketone was from <^*)Ki/w->»p™ Plaarnin (20 /iM) wad inac- 
tivated by incubation with Val-Phc-Lys-chlaromcthyl ketone (40 km) for 
60 ir^ at room temperature. The treated pTyamfn contained <0.01% 
active plaemm measured using hydrolysis of E-D-Val-Leu-Ly&-p-nitroa- 
rulide (S2251; Kabi, M&l ndnl , Sweden). Plasminogen fragments were 
generated by limited proteolysis with porcine eiaatase and purified by a 
combination of lysine «Sepharose affinity and Sephacry] S-100 gel filtra- 
tion chromatography (Ameraham Pharmacia Biotech, Uppsala, Swe- 
den) as described previously (14). MiniplagTnin was generated by incu- 
bating miniplasmmogen (2 nw) with urcldnase plasminogen activator 
(20 elM) for 2 h in 20 mM Hepes, 0.14 M NaCI, pH 7.4 buffer at 37 'C. 
Thiorcdoxin -derive d angiostatin fragments were prepared as described 
previously (11). Protein concentrations were determined using the Bio- 
Rod protein assay kit and plasminogen as the standard. All proteins 
were ali quoted and stored at -80 * C until use. 

Cell Cu2ture-*Rwnxm foreskin fibroblasts (16), blood monocyte/ 
macrophages (16), human umbilical vein. (17), human dermal mlcrovas* 
cular (18) and bovine aortic endothelial (19) cells r and rat vascular 
smooth muscle call* (20) were harvested and cultured as indicated. 
Bovine vascular smooth muscle cells were purchased from Cell Appli- 
cations (San Diego, CA). HT1080. CHO-Kl, MCF-7, BT20, MDA231, 
and THP-1 cells were purchased from American Type Cell Culture 
(RockviDci MD). All media components were from Life Technologies, 
Inc. Conditioned medium was collected by incubating cells at —80% 
confluence with Hanks' balanced salt solution containing 25 mM Hepes 
at pH 7.4 for 6 h. The ratio of number of cells to volume of conditioned 
medium was 1-8 X 10° cells/ml. All conditioned medium was passed 
through a 0,22-^m filter prior to storage at -SO *C* 

Angia&zazin Generation. — Condi tinned medium (1 ml) was incubated 
with plasmin (10 Mg) for 2 h at 87 *C. Angiostatin fragments were 
labeled with MPB (100 (jm) for SO min at room temperature, followed by 
quenching of the unreaeted MPB with GSH (200 (j&ti for 10 min at room 
temperature. Unreaeted GSH and other free sulfbydryis in the system 
were blocked with iodoaeetamide (400 /iM) for 10 min at room temper- 
ature. The plasmin kxingle products were collected on 60 j4 of packed 
lysine-Sepharose beads by incubation en a rotating wheel for 1 h at 
room temperature; washed three times with 20 mM Hopes, 0.14 M NaCI, 
pH 7.4 buffer; and eluted with 50 mac «-amlrxo caproi c acid in the Hepes 
buffer. 

Purification of Angio&talin from RTJ QSOcm^Ac^i ostaci n was gen- 
erated from 1 mg of plasmin in 100 ml of HTlOSOem as described above. 
Hie conditioned medium was applied to a 1 x 20-cm column of lysine- 
Sepharose (Amersham Pharmacia Biotech,), and the matrix was 
washed with 20 mw Hepes, 0,14 M NaCI, pH 7.4 buffer. The bound 
proteins were eluted with a linear gradient of s*ACA to 12 mM in the 
Hepes buffer. The angiostatin fragments were separated from a small 
amount of aggregated protein by gel filtration on a-2 X 50-em Sephacry] 
3-100 (Amersham Pharmacia Biotech,) column in the Flap as buffer. 

ElzctrophDrcsit and Western Blotting— Svcaplcs were separated on 
10 or 16% SDS-polyacrylamide gel electrophoresis. (SDS-PAGE) under 
nonreducing or reducing conditions (21), transferred to PVDF mem* 
brano, and developed and visualized using chemilumineseence accord- 
ing to the manufacturer's instructions (DuPont). Both rabbit anti-hu- 
man plasminogen polyclonal antibodies and swine anti-rabbit IgG 
horseradish perOTodasc-conju gated antibodies (Dako, Carpinteria, CA) 
were used at 1:2000 dilution. Strept&vidin-horscradish peroxidase (Am- 
ersham Australia, Sydney, Australia) was used at a 1:2000 dilution. 

EZJSA for MPB-labclcd Angiostattn — NcucmLite nvidin (Molcculnr 
Probes, Eugene. OR) (100 a\ of 6 ug/ml in 16 mM Na^CO^ 35 mM 
NaHCOg, 0.02% aside, pH 9.6) were adsorbed to NunePolySorp 96-well 
plates (Nunc, Roskilde, Denmark) overnight at 4 "C in a humid envi- 
ronment. Wells were washed once with 20 mM Hopes, 0.14 M NaCK pH 
7.4 buffer containing 0.05% Tween 20 (Hepes/Tween). Nonspecific bind- 
ing sites were blocked by adding 200 jd of 2% bovine serum albumin in 
15 mM Na-CO a , 35 mM NaHCO,, 0.02% azide, pH Q.6 buffer and ineu- 
hating for 90 min at 37 *C, and then wells were washed two times with 



Hepes/Tween. MFB-labeled angiostatin fragments were diluted in 
HepeVTween, and 100-/J uliquots were added to avidin-coatcd wells 
and incubated for 30 min at room temperature with orbital shaking. 
Wells were washed three times with Hepes/Tween and 100 m! of 5 
murine anti-Kl-3 monoclonal antibody (American. Dlagnoatica, Green * 
wieb, CT) added and incubated for 30 rain at mom temperature with 
orbital shaking. Welle ware washed three times with Hepes/Tween, and 
rabbit anti-mouse IgG horseradish peroxidase- conjugated antibody was 
added at a 1^500 dilution in 100 of Hepes/Tween and incubated for 30 
min at room temperature with orbital shaking. Walls were washed 
three times with Hcpcs/Twcca, and the color was developed with 100 yl 
of 0.003% H,Oj, 1 mg/ml 2^'-a^CHbis(3^thyIbenzl±iiazolirie-6-fful/onic 
add) in 50 mM citrate, pH 4.5 buffer for 20 min at room temperature 
with orbital shaking. Ahsorbances were read at 405 nm using a Molec- 
ular Devices Thcrmomax Kinetic Mi cropJatc Reader (Molecular Devices 
Corp., Palo Alto, CA). Results ware corrected for control wells not 
incubated with MFB-labeled angiostatin 

Gelatin Zymcgraphy — Gelatin zymography was a modification of the 
technique originally described by Bcvssen and Doodle (22). Bovine 
type B gelatin (Sigma-Aldrich) was incorporated into .a 10% SDS-poly- 
acrylamide gel at a final concentration of 1 mg/ml Following electro- 
phoresis, gels were washed twice with 20 mli Hopes, 0,14 M Nad, pH 
7 A buffer containing 2.5% Triton X-100 for 30 min to remove the SDS, 
Gels were then incubated in 20 mM Hepes. 0.14 M NaCI, pH 7.4 buffer 
overnight at 37 n C and stained with Coomassie Brilliant Blue. On some 
occasions! gels were incubated with 20 bom Hepes, 0.14 M NaCI. pH 7.4 
Knfflay containing 10 mM EDTA to inactivate a£a 1 \ np»w^i n » apa in the 
HT1080cm, 

Plasmin Amidolytic Activity — Plasmin (10 jig) was incubated with 
HTlOSOem (1 ml) at 37 *C- At discrete time intervals, aliquots (20 *d) of 
the reactions were diluted 10-fold into 20 mM Hepes, 0.14 M NaCI, 1 
mg/ml PEG 6000, pH 7.4 buffer conrsimng 200 H-D-VaWLeu-Lvs-p- 
nitroanilide. The initial rates of release of p-nitro aniline from the chro- 
mogenic substrate were measured as described previously (23), 

Purification of Serine Proteinase? from HTlOSOem — Conditioned me- 
dium (200 ml) from HT1080 cells was concentrated 20-fold over a 
10*kD& cut-off membrane (Ami con. Beverly, MA) and loaded onto a 
10-ml-SBTl-agarose column (Sigma-Aldrich) equilibrated with 20 mM 
Hepes, 0.14 M NaCI, pH 7.4 buffer. The SBH-agarose was washed with 
two mhimri volumes of Hepes buffer containing 1 m NaCI and re- 
equilibrated with Hepes buffer containing 0.14 M NaCI. The serine 
proteinases were eluted from the column with 10 mxf MES, 10 mu 
Hepes, pH £.2 buffer containiag 0,8 m beoxamidinc. The eluatc was 
extensively dialyzed against 20 mM Hepea f 0,14 M NaCI, pH 7.4 hujrer 
and stored at -80 *C until use. 

Quantitation of GSR in RTlO80cm-— HT1080 celb at -80% conflu- 
ence were washed twice with PBS arid IncubaEed with Honks' balanced 
salt solution containing 26 mM Hepes at pH 7.4 for 6 h (0.7 X 10° 
cells/ml of medium). Conditioned medium was passed through a 
0.22»jun filter prior to storage at —80 *C The low M r thiol compounds 
in the conditioned medium were dertvatized with the fluorescent com- 
pound 7*bcnzo-2-oxa*l,S-diarolG-4-STu?onic add and resolved by re- 
verse-phase high performance liquid chromatography aa described pre- 
viously (24). GSH and GSSG levels were determined as described by 
Vandeputte el al (25), 

RESULTS 

Angiostatin Fragments Produced in HT1 080cm — Stathakis 
e±aL (11) observed that three angiostatin fragments were made 
in CHO or HT1080cm with apparent M r of 45, 41, and 38. 
These fragments were generated in HT1080cm T labeled with 
MPB, and purified by lysine-Sepharope affinity and gel filtra- 
tion chromatography. Accordingly, three fragments wore puri- 
fied with apparent M T of 45, 41, and 38 on nonreducing SDS- 
PAGE (Fig. 1A). The apparent Af r of the three fragments on 
reducing SDS-PAGE were 66, 60, and 57 (not shown). All three 
fragments were labeled with MPB, indicating that all frag- 
ments contained free thiols. Three angiostatin fragments with 
similar M T were also generated by incubation of plasmin with 
reduced thioredoxin as previously reported (Fig. 15) (11). 

EZJSA for MPB-labclcd Arigiosiatin — To estimate secretion 
of plasmin reductase by cultured cells, an ELISA assay for 
MPB-laheled angiostatin was developed. This assay measured 
angiostatin generated by plasmin reductase and, therefore, 
was a relative measure of plaemin reductase activity. Briefly, 
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Fig. 1- Angiostatin generated in H Tl08 0cm or by thiorcdewdn- 
A» plasmin (10 M^ml) was incubated in HTlOSOan for 24 h at 37 *C, 
and the angiostatin fragments w^re labeled with MFB. Angiostatin 
fragments were purified from HTlOSOem by lysine-Sephajrose affinity 
and Sephacryl S-2O0 gel filtration chromatography, and 2 >ig waa re- 
solved on Donredudng 10% SDS-PAGE and stained with CoomoB&ic 
Blue (lane 2) or transferred to FVTJF m embrane and blotted with 
streptevidin peroxidase to detect the MFB label (lone -2). The positions 
afM r markers are shows at the left, i?, thiaredaadn-derived angiostatin 
fragments (2 f^Q) reserved on nonreducing 10% SDS-PAGE ami stained 
with Coomaasie Blue (11). The positions of M r markers are shown at the 
left. 

plasmin was incubated with conditioned medium, and the an- 
giostatin fragments were labeled with the biotin-linked male- 
imide, MPB. Hie MPB-lnbeled angiostatin fragments were ad- 
sorbed to avi din-coated microti tar plate wella, and the bound 
angiostatin was detected using a murine kringle 1-3 mono* 
clonal antibody and a secondary perceddase-ennjugated 
antibody. 

To test the specificity of the ELISA, plasminogen, plasmin, or 
the plasminogen fragment kringles 1-8 (Kl-8), Kl-4, K4, or 
K5-earine proteinane (10 /ig/ml) were incubated in either 
Hepes-buffered saline or HTTOSOcm for 2 K at 37 *C, and the 
angiostatin fragments were labeled with MPB and quantitatad 
by EUSA. The plasminogen fragments were, prepared by lim- 
ited proteolytic.digestion of plasminogen with porcine el&stase 
and purified by a combination of lysine-Sepharose affinity and 
gel filtration chromatography (14). MPB-labeled angiostatin 
fragments were only produced in HTlOSOem from plasmin or 
plasmin derived endogenously from plasminogen (11) (Fig, 2A), 
As anticipated, no MFB-labclcd angiostatin fragments derived 
from the plasminogen fragments in HTlOSOem. Also, no MFB- 
labeled angiostatin fragments were produced from incubation 
of plasminogen, plasm in, or any of the plasminogen fragments 
in Hepes-buiTered saline for 2 h at 97 °C. This result served as 
a negative control for plasmin reductase. The response of the 
ELISA was linear up to. a plasmin kringle fragment concentra- 
tion of -200 ng/ml (Fig. ZB). 

It is important to note that the EUSA assay was not an 
absolute measure of angiostatin formation. It is possible that 
one or more of the free thiols on angiostatin were refractive or 
inefficiently labeled by MPB due to steric factors or that two 
thiols' on a proportion of the angiostatin molecules oxidized to 
form an intra- or interchain disulfide bond, which was not 
labeled with MPB. These considerations would have resulted in 
underestimation of the angiostatin generated- Nevertheless, 
the EUSA was a relative measure of angiostatin formation or 
plasmin reductase activity in senim-froa conditioned medium. 
For example, generation of MPB-labeled angiostatin was a 
linear function of the concentration of HTlOSOem in the reac- 
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Pic. 2. ELTSA for MPB-labeled angfost&rin.A, plasminogen, plas- 
min, Kl-S, Kl-4, K4, or KS-s ferine proteinase (10 figfanl) was incubated 
in either 20 mM Hepes, 0,14 M NaCl, pH 7.4 buffer (open, bane) or 
HT 10 80cm (solid bars) for 2 h at 87 *C, and the angioEtatin fragments 
were labeled with MPB. Plasmin fragments were collected on lysine- 
Scph&rose and clutod with 20 tom e-amSnoeaproic acid. The MPB- 
labeled angiostatin fragments were immobilized on avi din-coated wells 
and detected using a Kl-3 monoclonal antibody and a peroxidase* 
conjugated anti-monee IgO secondary antibody. B, plasmin (10 j^g/ml) 
was incubated in HTlOSOem, and the angiostatin fragments were la- 
beled with MPB and collected on lyEinc-Sepharose as described for A, 
The concentration of plasmin kringle fragments v/as determined by 
nrotein assay. The figure showB the concentrati on' dependence of plas- 
min kringle fragments in the ELISA C, pi no™™ (10 ^g/ml) was incu- 
bated in 20 mM Hepes, 0.14 M NaCl, pH 7 A buffer and increasing 
HTlOSOem such that the fraction of HTlOSOem varied from 0 to 100% 
of tbc incubation volume. The reaction w« iocubatcd for 2 h at 3T*C. 
and the angiostatin fragment* were labeled with MPB and detected by 
ELISA as described for A. The solid tin* represents the linear regres- 
aion fit of the data (r = 0.99). The bar* represent the mean and range 
of duplicate experimental 

tion or of plasmin reductase concentration <r = 0.99) (Fig. 2CX 
Plasmin Reductase Activity Secreted by Selected Primary and 
Transformed Cells — Conditioned medium from selected pri- 
mary and transformed cells was collected hy incubating cells at 
— confluence with Hanks' balanced salt solution contain- 
ing 25 m>c Hepes* pH 7.4, buffer for 6 h. The ratio of number of 
cells to volume of conditioned medium was between X and 3 X 
10* cellfi/mL Plasmin (10 pgftnl) was incubated with the condi- 
tioned medium, and MFB-labeled angiostatin fragments were 
quantitated by ELISA (see Fig. 2). ELISA results were cor- 
rected for background angiostatin formation in unconditioned 
medium, which was negligible. 

Neither human foreskin fibroblasts, bovine aortic endothe- 
lial cells, human umbilical vein endothelial cells, nor human 
dermal microvascular endothelial cells secreted plasmin reduc- 
tase activity (Fig. 3). However, cultured rat or bovine vascular 
smooth muscle cells secreted plasmin reductase and converted 
plasmin to angiostatin, although the activity was 6% of the 
reductase activity secreted by HTX080 cells. CHO and MCF-7 
ceDs secreted approximately 60%, BT20 cells 27%, and 
MDA231 cells 20% of the plasmin reductase activity Becreted 
by HT1080 cells. THF-1 cells did not secrete detectable levels of 
plasmin reductase, . 
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FlO. 3_ Plasmin reductase activity secreted by a elected pri- 
mary and transformed cello* Conditioned medium from selected 
primary and transformed cells was collected by incubating eel la at 
— S0% confluence with Hanks' balanced salt eolation containing 25 mM 
Hcpcs at pH 7.4 for 6 h. The ratio of number of cells to volume of 
conditioned was 1-3 * 10* cells/ml r Plasmin (X0 jig/ml) was 

incubated with conditioned medium for 2 h, and angiostatin formation 
waa quanta tated by EUSA (see Fig. 2). The bars represent the mean 
and range of duplicate experiments. 



Cof actor Requirements of Plasmin Reductase — The angiosta- 
tin-generating activity secreted by HT1080 cells was the high- 
est of the cells examined and was used to further investigate 
the cofactor re quirem enta of plaexnin reductase. We previously 
reported that plasmin reductase secreted by HT10B0 cells re- 
quires two components for activity, a protein component that 
can be Kent-inactivated and a low M T cofactor that can be GSH 
(11). The low M T thiol compounds in HTlOSOcm were derivat- 
ized with the fluorescent compound 7-benza-2-oxa-l,2-diazole- 
4-puifanic acid and resolved by reverse-phase high performance 
liquid chromatography (24). The only low Af r thiol detectable in 
HTlOSOcm waa. GSH (not shown). The concentrations of GSH 
and GSSG were determined as described by Vandeputte et al 
(25). The concentration of GSH in the HTlOSOcm was 1.1 ± 
0.12 uX. This corresponded to secretion of 0.27 ± 0.03 nmol of 
GSH/10 5 cells/h. No GSSG was detected in HTlOBOcm. 

To examine the GSH requirements of plaamin reductase, we 
measured the plaamin reductase activity of either Hep es-b off- 
ered saline or dialyzed HTlOSOcm supplemented with 0, 1, 5, or 
10 jiM GSH (Fig. 4). Dialysis of HTl080em using a 12-14-fcDa 
cut-off membrane reduced the angiostatin-generating activity 
to 12% of control. Supplementation of the dialyzed HT1 080cm 
with 1 jim GSH doubled the angioata tin-gen era ting activity, 
while 10 mm GSH restored the angiostatin-generating activity 
to that of un dialyzed HTlOfiOcm. This is in accordance with our 
previous findings (11). GSH at a concentration of 1 aM, the 
concentration in HTlOSOcm, had no angiostatin-generating ac- 
tivity on its own, while 10 /iM GSH had 6% of the angiostatin- 
generating activity of undiaJyzed HTlOSOcm (Fig. 4). 

The Kringlc 5 -Serine Proteinase Fragment of Plasminogen Is 
a Substrate far Plaamin Reductase — The plasminogen frag- 
ment Kl-3, Kl-4, K4, or KS-serine proteinase was incubated 
with HTlOSOcm for 2 h and then labeled with MFB. The frag- 
ment was resolved on 15% SDS-PAGE, transferred to FVDF 
membrane, and blotted with streptavidin-peroxidase to detect 
the MFB label. Of the plasminogen fragments, only K5-serina 
proteinase incorporated MPB (Fig. 5). 

This observation suggested that the target disulfide bonds in 
plasmin for plaamin reductase resided in K5. Incubation of 
plasmin in pH 11 buffer causes reduction and isomerization of 
K5 disulfide bonds and results in formation of microplasmin 
(26, 27). Mieroplaamin has a Lys aao N terminus 1 that is within 
K5, We compared the plasmin fragments generated by plasmin 
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PlG. 4. Cofactor requirements of plasmin reductase. HTlOSOcm 
was dialyzed for 16 h against 20 jdM Hcpcs. 0.14 M NaCl, pH 7.4, buffer 
using a 12-14-kDa cutoff membrane, Plasmin (10 Mg/ml) was incu- 
bated in the dialyzed conditioned medium (dCM) or Hepes buffer for 2 h 
in the absence or presence of 0. 1, 5, or 10 pML GSH, and angioatatin 
formation waa quantitatad by SLXSA (see Fig, 2). The bars and error 
bars represent the mean and S.E., respectively, of triplicate 
eacperi men tc 




FTC. 5. The kringlc 5- serine proteinase fruglncnt of plasmino- 
gen 1st a cubsh-a.Ce for plasmin reductase* A, fragments of plasmin- 
ogen consisting of K4, Kl-3, Kl-4, and ICS-seriiie proteinase were 
prepared by limited proteolytic digestion of plasminogen, with porcine 
elastaae and purified by a combination of tysine-SepharoBs affinity and 
gel filtration chromatography (14). The plasminogen fragments (2/ig) 
■were resolved on 15% SDS-PAGE under nonreducing conditions and 
stained with Coomassie Brilliant Blue. B, the plasminogen fragments 
(10 jig/ml) were incubated with HT1080cm mr 2 h and then labeled with 
MPB. The fragments (0.2 jig) were resolved on 15% SDS-PAGE, trana- 
farred to PVDF membrane, and blotted with rfcreptavidin-peroaridase to 
detect the MPB label. Of the plasminogen fragments, only KS-serine 
proteinase incorporated MFB. The positions of M r markers arc shown 
at left. 

reductase with those generated by alkaline pH. 

Comparison, of Microplasmin Fragments Generated in either 
HT1080cm or in pH 11 Buffer — Plaamin was incubated in 
either 0.1 m glycine, pH 11 buffer or HTlOSOcm for 12 h at 
37 *C. Samples were resolved and detected on gelatin zymog- 
raphy. Three major catalytically active plaamin fragments with 
apparent M T of 40, 30 , and 29 were generated in either pH 11 
buffer or HT1080em (Fig. SA). The M r 29 fragment corre- 
sponded to the M T 29 microplasmin fragment described by Wu 
c£ ol (26, 27). 
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FlO. 6. Comparison of mioropla&min fragraeaoxa generated in 
either HTlOSOcm or pH 11 buffer. A, plaamin (10 ^g/ml) was incu- 
bated in either 0.1 M glycine, pH 11 buffer Gone. 3) or HT 1080cm (Lone 
4) for 12 h at 37 °C. Samples corresponding to 0.2 /*£ of plaamin or 
fragments were resolved and detected on gelatin kymography. Matrix 
™ftf ftHrtpwnWmyA ? in the HTlQSOcra (MMP-9 cuod MMP-2) were inac- 
tivated with EDTA. Intact plasmin {lane 1) minipla&min (Zone 5) 
are ahown for comparison. Fragments of apparent M w of 40, 30, and 28 
were observed. Note the doaa similarity in catalytically active pLaaxain 
fragments generated in either pH 11 buffer (lane 3) or HTlOBOem (Jane 
4). Intact plasmin Qane 2) and xniiuplecmin (Vol 44 *— Asn™ 1 ) (lane 2) axe 
shown for comparison. The petitions of M r marker* are shown at the 
Left. B, plflfrmm (10 /ig) was incubated with HTlOeOcm (1 ml} at 37 *C. 
At discrete time mtervalfl, aliquota (20 jd) were taken and assayed for 
hydrolysis of H-l^Val-Leu-Lys-^-nitroanilide- Control activity wua plas- 
min incubated with 20 mN Hepes. 0.14 K Nad. pH 7.4 buffer at 87 "C. 
Plaamin was also incubated with 100 GSH in the Hcpcs buffer. 
Flaamin activity is reported as the fraction of control plasmin activity. 
The data points and error bars represent the mean and S.E., respec- 
tively, of three separata experimenta. 

Microplaamin hydrolyzea the tripeptidyl p-nitroanilide sub- 
strate, H-r^-VaJ-Leu-Lys-p-nitroanilide with 1.4-fold higher ef- 
ficiency than plasmin. This is a consequence of a 1.4-fold in- 
crease in the catalytic constant (26). Flaamin was incubated in 
HTlOSOcm, and the initial rate of hydrolysis of H-D-Val-Leu- 
Lys-p-nitroanilide was measured at discrete time intervals 
(Fig. SB). Plaamin activity ia reported as the fraction of control 
plagmin activity. The efficiency of hydrolysis of the chromo- 
genic substrate increased with time of incubation and peaked 
at —2-fold enhanced efficiency at ~8 h. The initial rate of 
hydrolysis returned to control levels after 24 h of incubation. 

Serine Proteinase(e) Other than Plasmin Were Mostly Re- 
sponsible, for Proteolysis of Reduced Plasmin in HTJ080em — 
Angiostatin is generated from reduced plasmin by a serine 
proteinase in CHO or HTlOSOcxn (11). Serine proteinase activ- 
ity is also required fox generation of angiostatin from plasmin- 
ogen or plasmin by cultured human prostate carcinoma cells 
(10). Plasmin autoproteolysis can account for angiostatin for- 
mation in the presence of protein re duct ants (11) or small thiols 
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• Ftc. 7. A serine proteinase other than plasmin was mostly 
responsible for proteolysis of reduced plasmin in HTl080cm- A, 
generation of angioatatin from plaamin versus plafmvin inactivated with 
VFK-CHaCL Plaamin or VFK-plaamin (10 Mg/mJ) was incubated with 
HTlOSOcm for 2 h and then labeled with MPB.- The fragments were 
resolved on 15% SDS-PAGE, transferred to PVDF membrane, and 
blotted with ctrcptavidin-pcnwJdasc to detect MPB-labded augiostatiiL 
Note that MPB labeled both intact VFK-plasmin and angiostatin £rag- 
menta derived from the inactivated plaamin. The positions of M r mark- 
ers are shown at (he left. B, plaamin or VFK-plaamiii (10 ttgfml) was 
incubated in HTl080cm in the absence or presence of SBTI (25 p£frnl) 
for 2 K and oogiostatin. fcrjrietioD was quontitated by ELISA (seeFig. 
2). The bars represent the mean and range of duplicate experiments.. C. 
HTlOSOcm (10 ml) was passed over either a Sepharose iB or SBTT- 
Sepharofle 4B column (2 ml). Plaamin (10 ^g/ml) waa incubated with the 
column eluate for 2 h, and angioatatin formation was quantitated hy 
ELISA (see Fig. 2). 

(12). To examine whether auto proteolysis is the operative 
mechanism in HTlOSOcm, we compared formation of angiosta- 
tin from cither active plasmin or plasmin inactivated with 
Val-Phe-Lya-chloxomethyl ketone (VFK-plasinin ) . 

Plasmin or VFK~plasmin was incubated with HT1080cm for 
2 h, and the angiostatin fragments were labeled with MPB. The 
MPB-labeled fragments were either resolved an SDS-PAGE 
and blotted with sixeptavi din -peroxidase (Pig. 7A) or quanti- 
tated by EXISA (Fig. IB). Similar levels of angiostatin were 
generated from either active plasmin or VFK-plaamin, which 
indicated that autoproteolysis was not necessary for angiosta- 
tin formation. Interestingly, MPB labeled both intact VFK- 
plasmin and angiostatin fragments derived from the inacti- 
vated plasmin (Fig. 7A). This observation implied that 
reduction of plaamin preceded proteolysis. Formation of an- 
giostatin from either active plasmin or VFK-plasmin was in- 
hibited hy the serine proteinase inhibitor, SBTI (Fig. 723). 

To examine the contribution of autoproteolyais of reduced 
plasmin to angiostatin formation, the HTlOSOcm was passed 
over either a Sepharose 4B or SBTT-Sepharose 4B column, and 
the angiostatin-generating activity of the eluate was measured 
(Fig. 7C). Sepharose 4B was used to control for nonspecific 
protein adsorption to the agarose matrix. Depletion of serine 



Mechanism of Angiostatin Formation 



8915 




Fi g, a. Profile of SBTT-bindin£ serine proteinoses in 
HT1 080cm. HTlOSOcm was p&oa&d ever a SBTI-agarose column, and 
the bound proteinases were elated with benzamidiBft. Serine protein- 
ases from the equivalent of 3 ml of HTlOSOcm ware resolved and 
de tec t e d using gelatin kymography. Proteinoses with apparent<W r of 70, 
SO, and 39 were evident. For comparison, plasmin was incubated with 
HTlOSOcm for 12 h, and then 1 /ig was t^aolved on gelatin zymograpby. 
Matrix metalloproteinaaes in the HTlOSOcm (MMP-9 and MMP-2) were 
inactivated with EDTA Plasmin and eatalytically active pi*>flnniiv frag- 
ments were evident at apparent M r of fiS and 40, respectively. The 
posin'ons of M r markerg are shown at the left. 

proteinases in HTlOSOcm reduced the an gioatafcin- generating 
activity to 34% of control. 

SBTI-inhibitable serine proteinases in HTlOSOcm were pu- 
rified on a SB TI-agaroee column, and the hound enzymes were 
eluted with benz ami dine. Serine proteinases from the equiva- 
lent of 3 ml of HTlOSOcm were resolved and detected using 
gelatin zymography (Pig. $). Proteinases with apparent M T of 
70, 50, and 39 were evident. These enzymes did not correspond 
to pUismin or eatalytically active plaamin fragments. 

DISCUSSION 

The formation of angiostatin from plaamin in the conditioned 
medium of transformed cells is a two-step process (11). First, 
one or more disulfide bonds in plasmin are reduced by a protein 
disulfide bond reductase, which we have called plasmin reduc- 
tase, and a reductase cofactor, which can be a small thiol such 
as GSH. Second* reduced plasmin is cleaved by a serine pro- 
teinase producing- angiostatin. Three angiostatin fragments 
are produced with apparent M r of 45, 41, and S& on nonreduc* 
ing SDS-FAGE, which have the same Lys rt N terminus but 
different C termini. 

Plasmin reductase activity was secreted by the human fibro- 
sarcoma call line HT1080; the human mammary carcinoma cell 
lines, MCF-7, MDA231, and BT20; and CHO cells. In contrast, 
the monocyte/macrophage cell line THP-1 did not secrete sig- 
nificant levels of plasmin reductase before or after stimulation 
with phorbo) ester (not shown). Neither primary foreskin fibro- 
blasts, blood monocyte/macrophages, nor macro vascular or mi- 
crovascular endothelial cells secreted detectable plasmin re- 
ductase. In contrast, cultured bovine and rat vascular smooth 
muscle cells secreted small but reproducible levels of plasmin 
reductase. In general terms, cellular transformation appeared 
to be associated with secretion of plasmin reductase and an- 
giostatin formation. This result suggested that angiostatin for- 
mation is driven by tumor cells in vivo. Production of angiosta- 
tin by vascular smooth muscle cells ie an interesting 
observation and suggested that angiostatin may function in the 
atherosclerotic vessel wall. Tne metalloproteinase inhibitor 
EDTA did not have any effect oo angiostatin production by the 
cell lines used in thia study. 

Gately ef al (12) have shown that a sufficient concentration 
of small thiols alone can generate angiostatin from plasmin. 
The concentration of GSH in the HT1080cm was 1.1 a 0.12 mm, 
and it was the only small thiol detected in the medium. This 
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Fig. 9- Model for generation of angiostatin by disulfide bond 
reduction and proteolysis in kringie 5 of plnsmin. We suggest that 
both the Cyr M3I -Cya wc and Cys CJ ^-Cys MS disulfide bonds in plasmin 
kringle 5 are reduced by plasmin reductase {shaded circles). The re- 
duced kringla 5 is then subject to proteolysis at either the Arg^^-Lys^ 10 
peptide bond (solid black line) ox two other unidentified peptide bonds. 
Microplasmin is formed at pH 11 by autoproteolysis at the Arg^-Lys* 30 
peptide bond (26, 27), 

corresponded to secretion of 0,27 x 0.03 tunol of GSH/10 6 
cells/h, which is comparable with the level of secretion of GSH 
by other cultured cells (28, 29). To examine the contribution of 
the GSH to the plasmin reductase activity of HTlOSOcm, the 
medium was dialyzed, and the angiosta tin-gen era ting activity 
was determined. Dialysis of HTlOSOcm reduced the angiosta- 
tin-generating- activity to 12% of control. Supplementation of 
the dialyzed HTlOSOcm with 1 jiM GSH doubled the angiosta- 
tdn-generating activity, while 10 ftM GSH restored the angiosta- 
tin-generating activity to that of nndialyzad HTlOSOcm. In 
contrast, 1 /iM GSH, the concentration in HTlOSOcm, had no 
angiostatin-generating activity, while 10 /jm GSH had 6% of 
the angiostatin generating activity of HT1080cm. These results 
support our previous findings (11) and the proposal that plas- 
min reductase requires a small thiol cofactor such as GSH to 
provide the hydrogens and electrons to reduce the plaamin 
disulfide bonds. We suggest that high concentrations (100 j*m) 
of small thiols have enough reducing power to reduce plasmin 
(12); however, these concentrations are not achievable in cell 
culture. Considered together, these observations implied that 
plasmin reduction in HTlOSOcm was catalyzed by plasmin 
reductase using GSH as a cofactor and not by GSH directly. 

One or more disulfide bonds in the KS-serine proteinase 
fragment of plasminogen was reduced in HTlOSOcm. In con- 
trast, neither K4, Kl-3, nor Kl— 4 were substrates for plasmin 
reductase. This finding suggested that the target disulfide 
bond(s) for plasmin reductase were in K5. Plaamin undergoes 
RutoproteolyaiB in alkaline pH, producing a eatalytically active 
microplasmin fragment with a Lys 630 N terminus (26, 27). 
Microplasmin consists of the last 10 amino acids of K5, the 
remaining 21 amino acids of the A chain, and the serine pro- 
teinase domain. Wu ei ai. (26, 27) noticed that both the Cys* 61 - 
Cys B4 ° and Cys 6n -Cys fiaa disulfide bonds in K5 must have 
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been reduced to release microplasmin from Kl-4. They pro- 
posed that the in creased ~OH ion. concentration at pH 11 was 
responsible for reducing the two disulfide bonds. We observed 
that the protein age fragments produced from pla sm in in pH 11 
buffer were of identical M r to the proteinase fragments gener- 
ated from plasnun in HTlOBOcro. Fragments with apparent M T 
of 40, 30, and 29 ware generated. The M T 29 fragment is the 
same sire as microplasmin. We suggest that the mechanism of 
plaemin proteolysis at pH 11 is the same as the mechanism of 
proteolysis in HTlOSOcm. In other words > plasmm reductase 
achieves at neutral pH what ia achieved by ~OH ion at pH 11. 

Three major angiostatin fragments (Fig. 1A) and three major 
serine proteinase fragments (Fig, 6A) were produced in 
HTlOSOcm. Baaed on the close similarity in plaemin fragments 
produced at alkaline pH and in HTlOSOcm, we suggest that at 
least the Cys^-Cys 540 and Cys 61I -Cys 435 disulfide bonds in 
K5 were reduced by plasmin reductase. For instance, reduction 
of only the K5 Cye^-Cys 523 and CyB Bll -Cys sa * disulfide bonds 
would not have resulted in release of angiostatin from plasmin. 
Similarly, angiostatin would have remained covalently linked 
to the remaining kringles if the Cya^-Cys" 0 and Cys* 82 - 
Cys* 3 * disulfide bonds were reduced, hut not the disulfide bond 
at Cya^-Cys 63 * Reduction of the Cys< w -Cys B4 ° and Cys" 1 - 
Cys Gas disulfide bonds is consistent with all of the experimental 
data, although we cannot exclude reduction of the Cys* 82 — 
Cys m disulfide bond in K5 or other disulfide bonds in Kl-4, 

The largest angioatatm. fragment CM r 45) and the smallest 
catalytically active fragment (M r 29; microplasmin) probably 
resulted from cleavage at the Arg^-Lya* 30 peptide bond. We 
hypothesize that cleavage can also occur at either the Arg* 73 - 
Ala 474 or Arg fi0a -Ala W4 peptide bond. Cleavage at these sites is 
favored by serine proteinases with plasmin-Hke specificity and 
would produce fragments of the size observed experimentally. 
Also k all three angiostatin fragments contained one or more 
cysteine residues (Fig. 1A). For the smallest angiostatin frag- 
ment (M T 38) to contain a free thiol, proteolysis must have 
occurred C-tcrminal of Cys 461 . A model of K5 and the proposed 
target disulfide bonds is shown in Fig. 9. 

Gately et al. (10) observed that serine proteinase activity was 
required for generation of angiostatin from plasminogen or 
plasmin by cultured human prostata carcinoma cells, and we 
reported that serine proteinase activity was' necessary for an- 
giostatin generation by cultured CHO and HT1080 cells (11). 
Incubation of purified plasmin with the reductant thioredoxin 
(11), protein-disulfide lBorneraaa' (11), or high concentrations of 
small thiols (12) results in formation of angiostatin. This indi- 
cates that plasmin autoproteolysis can account for angiostatin 
formation. However, angiostatin was generated almost equally 
well from either active or inactive plasmin in HTlOSOcm, which 
implied that a proteinase^) secreted by HT10S0 cells was 
mostly responsible for plasmin proteolysis. The enzyme(s) was 
a serine proteinase, since it waa inactivated by SBTL Depletion 
of serine proteinases in HTlOSOcm by SBTT-agarasc reduced 
the an giosta tin-generating activity to 34% of control. This re- 
sult implied that the rate of angiostatin formation is slowed 
when autoproteolysis of reduced plasmin is the operative mech- 
anism. There were three major serine proteinases in 
HT 1080cm with apparent M r of 70, 50, and 39 that cleaved 
gelatin. One or more of these enzymes may contribute to gen- 
eration of angiostatin from reduced plasmin. Therefore, al* 
though plasmin autoproteolysis can account for angiostatin 
formation, HT1080 cells did not rely entirely on this mecha- 
nism and secreted other serine prateinase(s) that cleaved re- 
duced plasmin. 

We have proposed that reduction of plasmin precedes prote- 
olysis (11). This hypothesis was supported by the experiment 



that examined generation of angiostatin from inactivated plaa- 
min. MPB labeled both intact VFK-plasmis and angiostatin 
fragments derived from the inactivated plasmin. This finding 
demonstrated reduction of disulfide hond(s) in intact plasmin, 
which supports our contention that plasmin reduction precedes 
proteolysis. 

In summary, angiostatin formation involves disulfide bond 
reduction and proteolysis in E5 of plasmin. The motif in an- 
giostatin responsible for its antiangiogenic properties is not 
known. Interestingly, the KB domain of plasminogen has been 
shown to be a potent inhibitor of endothelial cell proliferation 
(SO). Also, plasminogen interacts with cultured human umbil- 
ical vein endothelial cells through K5 (SI). It is possible that 
the active motif in angiostatin resides in K5 and that the 
reduction and proteolytic events in this kringle expose the 
motif. 
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blood vessel rapidly 
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vessel as corresponding to 
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